Although left ventricular (LV) diastolic dysfunction is associated with increased risk for incident heart failure in patients with coronary artery disease (CAD), no specific treatment for diastolic abnormalities has been established. Animal and small human studies have shown that an acute increase in LV afterload adversely impacts on LV early diastolic relaxation, but little is known about its chronic effect on diastolic function.
early half of patients with heart failure have normal ejection fraction (EF) 1,2 and the mortality and morbidity of these patients are high. 1, 2 The pathophysiology of heart failure with normal EF is dependent predominantly on left ventricular (LV) diastolic dysfunction. 3, 4 Furthermore, diastolic dysfunction is associated with increased risk for incident heart failure in various populations including patients with coronary artery disease (CAD), 5 hypertensive patients, 6 and even community-dwelling subjects. 7 Nevertheless, no specific treatment for diastolic abnormalities has been established.
Although animal and small human studies have shown that an acute increase in LV afterload, particularly in late-systolic load, adversely impacts on LV early diastolic relaxation, [8] [9] [10] [11] [12] little is known about its chronic effect on LV diastolic function. We hypothesized that enhanced late-systolic load may be associated with altered LV diastolic function at steady state. To test the hypothesis, we examined the relationship of various components of arterial load with indices of diastolic function determined on cardiac catheterization as well as those on tissue Doppler echocardiography in patient undergoing cardiac catheterization for evaluation of CAD.
Methods

Patients
We studied 303 consecutive patients who underwent left-sided cardiac catheterization for the evaluation of CAD. All the patients had symptoms suggestive of angina and/or clinical signs of CAD (positive exercise electrocardiogram and/or abnormal myocardial perfusion scintigram). No patients with reduced (<0.50) EF, acute coronary syndrome, decompensated heart failure, thoracic aortic aneurysm, atrial fibrillation, primary valvular diseases, idiopathic dilated or hypertrophic cardiomyopathy, congenital heart disease, or end-stage renal disease on maintenance hemodialysis were included. A his- Data are expressed as mean ± SD or n (%). † Diseased coronary artery was defined as major epicardial artery with > -75% stenosis on the angiogram. ‡ Doppler echocardiographic indices were available in 246 patients. § LV mass was available in 69 patients. Tau, left ventricular (LV) relaxation time constant; EDP, end-diastolic pressure; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; EF, ejection fraction; TVRI, total vascular resistance index; E', peak early diastolic mitral annular velocity; E/E', ratio of peak early diastolic mitral inflow to annular velocities; S', peak systolic mitral annular velocity. Other abbreviation see in Table 1 . FUKUTA H et al.
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tory of myocardial infarction and coronary revascularization and medication status were determined by review of medical records. Hypertension was defined as systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg measured on indirect arm-cuff sphygmomanometry at rest or use of anti-hypertensive drugs. Diabetes was defined as a fasting blood glucose level >126 mg/dl or treatment with dietary modification, insulin, or oral hypoglycemic agents. All the patients gave written informed consent to participate in the study, and this study was performed according to the regulations proposed by the Ethics Guidelines Committee of the Nagoya City University Graduate School of Medical Sciences.
Cardiac Catheterization
Ascending aortic and LV pressures were recorded as previously reported. 13,14 Briefly, before contrast material was injected into the LV or coronary artery, ascending aortic and LV pressure waves were obtained with a catheter-tipped micromanometer (SPC-454D, Millar Instrument Company, Houston, TX, USA) and recorded on a polygraph system (RMC-2000, Nihon Kohden, Tokyo, Japan). From the recorded pressure waves, augmentation index (AI), an index reflecting late-systolic load, was calculated as the ratio of augmented pressure to pulse pressure in the ascending aorta as previously described. 13 A time constant of decrease in LV pressure (Tau), an index of early diastolic relaxation, was computed by applying a monoexponential fitting with zero asymptote to the LV pressure decay. 15 LV end-systolic and end-diastolic volumes were obtained from biplane left ventriculography according to the method proposed by Chapman et al 16 and were used for calculating the stroke volume and the EF. These volumes were corrected for body surface area. Cardiac output was calculated according to stroke volume multiplied by heart rate and was indexed to body surface area. Total vascular resistance index (TVRI), a component of non-pulsatile load, was calculated as mean aortic pressure divided by cardiac index. Arterial compliance was defined as the ratio of stroke volume to aortic pulse pressure. 17 This estimated arterial compliance strongly correlates with arterial compliance calculated by the area method in humans. 17 The medians of measurements of 3 consecutive beats were used for statistical analysis.
Echocardiography
The day before the index cardiac catheterization, Doppler echocardiography was performed (APLIO 80, Toshiba, Tokyo, Japan). Peak early and late diastolic mitral inflow velocities (E and A) and peak systolic and early diastolic mitral annular velocities (S' and E') were determined as the medians of measurements of 3 consecutive beats. Tissue Doppler imaging was obtained from the septal and lateral mitral annular sites and the averages of peak mitral annular velocities measured at both sites were used. These measurements were used to classify diastolic dysfunction grade as normal, mild (impaired relaxation pattern), or severe (pseudo-normalized pattern) as described elsewhere. 18 LV mass was calculated from M-mode echocardiography measurements 19 and was corrected for body surface area.
Statistical Analysis
We used the SAS program package (SAS Institute, Cary, NC, USA) for all statistical analyses. Differences between groups were assessed on Student's t-test for continuous variables and on chi-square test for categorical variables. The association between continuous variables was determined using Pearson's correlation analysis. To assess the independent associations between components of arterial load and indices of LV diastolic function, multivariate linear regression was performed including each of the diastolic function indices as a dependent variable. The multivariate linear regression model a included each of components of arterial load, age, gender, heart rate, hypertension, and diabetes as independent variables. Multivariate linear regression model b included each of components of arterial load, the severity of CAD (prior myocardial infarction, prior coronary revascularization, and the number of major epicardial coronary arteries with ≥75% stenosis on the angiogram), and use of β-blocker and statins as independent variables. P<0.05 was considered significant.
Results
Clinical, Angiography, Hemodynamic, and Echocardiography Features
Clinical features of all patients and patient subgroups are listed in Table 1 . Compared with patients with below-median (≤0.40) AI, those with above-median (>0.40) AI were more likely to have advanced age, female gender, hypertension, previous history of coronary revascularization, and prescription of β-blockers and were less likely to have diabetes. Angiography, hemodynamic, and echocardiography features of all patients and patient subgroups are listed in Table 2 . Compared with patients with lower AI, those with higher AI were more likely to have higher aortic systolic, mean, and pulse pressures, Tau, LV end-diastolic pressure (EDP), TVRI, and E/E' and lower heart rate, arterial compliance, E', and S'. a Adjusted for age, gender, heart rate, hypertension, and diabetes; b adjusted for the severity of coronary artery disease (prior myocardial infarction, prior revascularization, and the number of diseased coronary arteries defined as major epicardial artery with > -75% stenosis on the angiogram) and use of β-blockers and statins. Abbreviations see in Tables 1,2 . Table 3 lists correlation coefficients of arterial load (AI, arterial compliance, and TVRI) with indices of diastolic function determined on cardiac catheterization (Tau and EDP) and those on tissue Doppler echocardiography (E' and E/E'). All components of arterial load correlated generally with indices of diastolic function. Among the components of arterial load, strongest correlations were observed between AI and indices of diastolic function. After adjustment for potential confounders including age, cardiovascular risk factors, heart rate, the severity of CAD, and cardiovascular medications, the correlations between AI and indices of diastolic function remained significant ( Table 3) . Considering the potential influence of systolic or diastolic pressure on AI, we included systolic or diastolic aortic pressure as an independent variable into the multivariate model b. After adjustment for systolic aortic pressure, the association of AI with diastolic function indices remained significant (standardized βs for Tau, EDP, E', and E/E'=0.30, P<0.001; 0.21, P<0.001; -0.13, P<0.05; and 0.13, P<0.05, respectively). Similarly, after adjustment for diastolic aortic pressure, the association of AI with diastolic function indices remained significant (standardized βs for Tau, EDP, E', and E/E'=0. 26 
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Arterial Load and Diastolic Function
Arterial Load and Systolic Function
Among the components of arterial load, AI correlated most strongly with S' and the correlation remained significant even after adjustment for potential confounders ( Table 3) . AI did not correlate with EF (Figure) . EDP, end-diastolic pressure; E', peak early diastolic mitral annular velocity; E/E', ratio of peak early diastolic mitral inflow to annular velocities; S', peak systolic mitral annular velocity; EF, ejection fraction.
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Arterial Load and LV Mass LV mass was available in 69 patients. AI correlated positively with LV mass index (r=0.26, P<0.05). No significant correlation was observed between LV mass index and other components of arterial load (all, P>0.5).
Discussion
In the present study we found that, among various components of arterial load, increased AI, reflecting enhanced late-systolic load, had the strongest correlations with LV diastolic function indices assessed on both cardiac catheterization and tissue Doppler echocardiography in patients who underwent cardiac catheterization for CAD and had normal EF. Furthermore, increased AI was associated with decreased S' but not with reduced EF.
Consistent with the present findings, several studies have reported that increased late-systolic load is associated with altered diastolic function assessed on tissue Doppler echocardiography. 20, 21 Specifically, Borlaug et al examined the relationship of individual components of LV afterload (characteristic impedance, late-systolic load including AI, TVRI, arterial compliance, and effective arterial elastance) with indices of diastolic function determined on tissue Doppler echocardiography (E' and E/E') in apparently healthy subjects and hypertensive patients. 20 They found that enhanced late-systolic load had the greatest influence on E' and E/E'. Similarly, Weber et al reported that increased augmented pressure in the central aorta was associated with decreased E' and increased E/E' in CAD patients. 21 In these studies, LV diastolic function was quantified only on tissue Doppler echocardiography. Mitral inflow and annular velocities, however, are only indirectly related to LV relaxation and filling pressure. 22 Furthermore, in those studies, central aortic pressure was not directly measured but only estimated from radial arterial pressure waveforms with transfer function. Non-invasively determined AI in the central aorta, however, may be inaccurate. 23 The present study is significant in showing the adverse impact of directly-measured AI not only on diastolic function indices determined on tissue Doppler echocardiography (E' and E/E'), but also on those determined on cardiac catheterization (Tau and EDP) in patients with known or suspected CAD.
Many animal studies have shown that increases in aortic pressure, particularly in late-systolic load, prolong LV early diastolic relaxation. 8-10 Several human acute studies have also reported the influence of changes in LV afterload on LV relaxation. 11,12 Specifically, Iketani et al examined the effects of changes in LV afterload on LV relaxation using iv injection of angiotensin and sublingual administration of nitroglycerin in patients undergoing cardiac catheterization for CAD. 11 They found that an increase in AI, but not peak aortic pressure, significantly increased Tau. Yano et al examined the effects of timing of arterial wave reflection on LV relaxation using the compression of bilateral femoral arteries in patients undergoing cardiac catheterization. 12 They found that in younger patients (<30 years of age) with compliant arteries, the arterial wave reflection returned during early diastole, followed by an acceleration in LV relaxation. In contrast, in older patients (>40 years of age) with stiffer arteries, the wave reflection returned earlier, during late systole, followed by a slower LV relaxation. The present study extended on these earlier acute studies by demonstrating the association of increased AI with prolonged Tau as well as elevated EDP in the steady state.
To consider the possible mechanisms for an association of increased AI with LV diastolic dysfunction, it may be useful to look over the pathophysiological background of increased AI. The central aortic pressure wave is composed of a forward-traveling wave generated by LV ejection and a later-arriving reflected wave from the periphery. 24, 25 As aortic stiffness increases, aortic pulse wave velocity increases and thereby the reflected waves from the periphery arrive earlier in the ascending aorta. Thus, augmentation of the central aortic pressure wave, expressed as increased AI, is a manifestation of early wave reflection resulting from enhanced aortic stiffness. Early return of the reflected waves augments the pressure in late systole and decreases the pressure in diastole, thereby increasing LV afterload and compromising coronary perfusion.
From these aspects, the following mechanisms may underlie the association of increased AI and LV diastolic dysfunction. First, increased late-systolic load prolongs systolic duration, leading to a delayed onset of LV relaxation. 26, 27 Furthermore, with an increase in late-systolic load, relaxation becomes slower and incomplete, 8-10 contributing to persistent pressure generation at end-diastole and thereby resulting in elevated EDP. Finally, reduced diastolic pressure at the ascending aorta compromises coronary perfusion and may cause subendocardial ischemia, 28 further impairing LV relaxation, particularly in the presence of coronary stenoses. 29 There were several limitations to the present study. First, because of the cross-sectional nature of the study, a causal relation between increased AI and LV diastolic dysfunction could not be determined. Second, we could not draw a definite conclusion on whether the association of increased AI with LV diastolic dysfunction is independent of or mediated by LV hypertrophy, because LV mass index was available in a limited number of patients, which did not permit us to explore the interactions in fully adjusted multivariate models.
Although there is accumulating evidence that diastolic dysfunction is associated with increased risk for incident heart failure in various populations including patients with CAD, 5 hypertensive patients, 6 and community-dwelling subjects, 7 no specific treatment for diastolic abnormalities has been established. Independent association of increased AI with altered diastolic function seen in the present and previous studies 20, 21 suggests that late-systolic load may be a therapeutic target to improve diastolic dysfunction. Future studies should focus on the establishment of therapeutic interventions specifically aimed at reducing late-systolic load, and the effects of these interventions on diastolic abnormalities need to be evaluated.
Afterload dependence of S' seen in the present study is another clinically important finding. Although the pathophysiology of heart failure with normal EF is dependent predominantly on diastolic abnormalities, 3,4 many studies have reported that S' is reduced in HF patients with normal EF compared with age-and gender-matched controls. 30-32 This may be interpreted as indicating that HF patients with normal EF may have subtle systolic abnormalities that are not detected by measurement of EF. It is increasing clear, however, that measurements of central aortic stiffness are more increased in HF patients with normal EF than in age-and gender-matched subjects. 33, 34 Thus, it is possible that the reported decrease in S' in HF patients with normal EF may be mediated by increased late-systolic load resulting from the enhanced aortic stiffness. Consistent with this explanation, the slope of the end-systolic pressure-volume relation, which reflects LV contractility independent of both preload
